Introduction models of the Na ϩ channel propose that the P segments are composed of short loops that connect ␣ helices Voltage-gated ion channels are complex transmem- (Guy and Durell, 1995) . The models suggest that the P brane proteins that mediate diverse physiological funcsegments do not traverse the entire lipid bilayer but tions such as excitation, contraction, and secretion. The instead remain near the extracellular face of the channel, raison d'ê tre of channel proteins is the selective transwith only short segments extending into the bilayer to port of ions across the cell membrane. Channel proteins form the selectivity region. Site-directed mutagenesis support very high ionic fluxes, yet effectively discrimiresults in both Na ϩ and K ϩ channels suggest that much nate among ions of similar size and charge. Na ϩ chanof the pore lining is composed of extended loops rather nels, which underlie excitability in nerve and muscle, than ␣ helices or ␤ strands (Pé rez-García et al., 1996; transport Na ϩ 20-fold more efficiently than K ϩ (Hille, MacKinnon, 1995; Kü rz et al., 1995; Lü and Miller, 1995; . Recent experimental results have identified re Pascual et al., 1995; Schetz and Anderson, 1993) . gions of the channel protein that mediate ion flux, yet the
In an effort to refine our understanding of the structure molecular basis of selectivity in Na ϩ channels remains of the Na ϩ channel pore, we used serial cysteine mutaunknown. In the absence of a resolved structure, indirect genesis combined with single-channel recording to lomethods have been used to probe the structural basis calize the binding site of Cd 2ϩ in the electrical field. We of permeation in ion channels. also employed methanethiosulfonate (MTS) reagents of A first step in understanding the structure-function different size and charge to determine the tightness of relationships underlying permeation is to determine the the packing of residues in the pore region. Finally, we amino acid residues involved in formation of the ionexamined the effect of each of the mutations on selectivselective pore. In Na ϩ channels, the selectivity-determinity. Our results lead to two conclusions: first, loops coning residues are in the major (␣) subunit in a segment tributed by each of the domains of the channel are not in register; secondly, amino acids other than those at the putative selectivity filter figure just as prominently ‡ The first and second authors have contributed equally to this work. (A) The amino acids were aligned by sequence starting at the putative selectivity filter and 4-5 positions toward the carboxy terminal. The external ring of negative charge consists of E403, E758, D1241, and D1532. A naturally divergent cysteine at position 401 is found in the cardiac channel isoform.
(B) Sequence alignment of the P segments of the rat skeletal muscle Na ϩ (Trimmer et al., 1989) and rabbit skeletal muscle Ca 2ϩ channel (Tanabe et al., 1987) . The upper case letters in the Na ϩ channel sequence represent residues that are conserved across all mammalian skeletal muscle, brain, and heart channels. The selectivity filter residues, enclosed in the box, are the reference for the alignment.
in ion selectivity. These data define the extent of the the addition of 1 mM Cd 2ϩ to the extracellular bath. This low-affinity block is not mediated by an endogenous asymmetry of the external pore of the Na ϩ channel and require significant modification of structural models of cysteine residue in the pore; addition of the sulfhydrylspecific modifying reagent MTS-ethylsulfonate (MTSES) the pore.
does not decrease the peak current, nor does it alter Results Figure 1A shows the amino acids that comprise the Modification ascending limbs or SS2 regions of the P segments in IC50 (M) each of the four domains of the skeletal muscle (1) after Na ϩ channel (Trimmer et al., 1989) . The alignment of
the residues is based on sequence similarity among P -selective channels (Heinemann et al., 1992 (Pé rez-García et al., 1996) . reducing Na ϩ flux through the channel. This interpreta-*pϽ0.05 compared to the wild-type 1 channel. †Conductance measured in excised inside-out patches and symtion is bolstered by the results in Figure 2A . Despite the metrical Na ϩ from Backx et al., 1992. presence of 16 cysteine residues in putative extracellu‡Conductance measured in excised inside-out patches and symlar loops (Trimmer et al., 1989) , the current through the metrical Na ϩ from wild-type 1 channel is only decreased by ‫%05ف‬ after The effect of Cd 2ϩ on the wild-type 1 channel before (A) and after (B) exposure to MTSES, and the mutant Y401C under similar conditions (C and D). The current records were normalized such that the peak currents at baseline were equal. (A) Current records from the same oocyte, elicited by depolarizing voltage steps from Ϫ100 to Ϫ35 mV. Application of 1 mM Cd 2ϩ to the bath solution reversibly decreases the peak current by ‫ف‬ 50%. (B) Exposure to a saturating concentration of MTSES (5 mM) does not affect the peak current, nor does it alter the sensitivity to block by Cd 2ϩ . (C) Currents through the mutant channel Y401C are completely and reversibly eliminated by 0.5 mM extracellular Cd 2ϩ . (D) MTSES irreversibly reduces the peak current by ‫.%05ف‬ The residual current is then scaled up to match the amplitude of the unmodified current, the modified current is now blocked less than 50% by 0.5 mM Cd 2ϩ . Washout of Cd 2ϩ completely reverses the current inhibition.
the sensitivity of the wild-type channel to subsequent
In each case, the reduction in unitary current is more prominent at negative voltages. By plotting the ratio of block by Cd 2ϩ ( Figure 2B ). In contrast, the cysteine subthe blocked and unblocked unitary currents and assumstitution mutant Y401C is quite sensitive to block by ing a single-site model for Cd 2ϩ binding (Woodhull, 1973; Cd 2ϩ ; 500 M completely eliminates Na ϩ current (Figure Backx et al., 1992 ; see Experimental Procedures), we 2C). Modification of Y401C by a saturating concentraestimated the fraction of the voltage field traversed by tion of MTSES reduces the peak current by ‫%05ف‬ and Cd 2ϩ to reach its binding site ( Figure 3C ). The sequenceattenuates block by Cd 2ϩ : 500 M now reduces the aligned positions in the first and third repeats (W402C remaining current by less than 50% ( Figure 2D ). The and W1239C) are blocked with nearly the same voltage reduction of Cd 2ϩ affinity in other cysteine mutants after dependence; the Cd 2ϩ binding site is at the same depth MTS modification is also consistent with a free cysteinyl in the transmembrane electrical field. The Cd 2ϩ block of side chain in the pore mediating the enhanced Cd 2ϩ I757C, the sequence-aligned position in domain II, is block (Table 1) .
somewhat less voltage-dependent, consistent with a binding site more peripheral in the membrane electrical Fractional Electrical Distances for Cd 2؉ Binding field. The domain IV substitution, D1532C, is at the exterin Cysteine-Substituted Pore Mutants nal ring of negative charge; this mutant is blocked with The cysteine substitution mutants are accessible from a similar voltage dependence to W402C and W1239C, the extracellular surface of the channel as assessed despite a more superficial position suggested by seby sensitivity to block by group IIB divalent cations or quence alignment. covalent modification by MTS reagents (Pé rez-García
To define the positions of each of the P segments in et al ., 1996) . The voltage dependence of blockade of the pore, we made similar measurements of the voltage the unitary current by Cd 2ϩ was used to determine the dependence of Cd 2ϩ block of cysteine-substitution murelative location of the substituted cysteines in the pore.
tants at each position from the selectivity filter to the To study the open-channel conformation, the pyrethroid residues that form a putative ring of negative extracelluinsecticide fenvalerate was used to promote long openlar charge. Defining the electrical distance for Cd 2ϩ block ings (Backx et al., 1992; Holloway et al., 1989) . Unitary of sequential substitutions within a domain increases Na ϩ currents in the presence and absence of Cd 2ϩ are the confidence in any single ␦ value and enables the shown in Figure 3A . Representative cysteine substitulocalization of a larger extent of the P segment within tion mutants in each of the four P segments (W402C, the membrane field. I757C, W1239C, and D1532C) are shown. These cyste-
The single-channel conductances and half-blocking ine-substitution mutants are blocked in a voltage-deconcentrations (IC 50 ) for Cd 2ϩ are summarized in Table  pendent . Block of the fourth domain conductance (50 Ϯ 0.3 pS). A notable exception is the mutant D1532C is too rapid to be resolved and appears increase in conductance of the W1531C mutant (100 Ϯ as a reduction in the single-channel current amplitude. 4 pS). The importance of the charge at the selectivity The averaged single-channel currents through these filter is illustrated by the dramatic decrease in conducmutants in the presence and absence of Cd 2ϩ are repretance with neutralization of the negative charges in domains I and II (D400C, 7.0 Ϯ 0.5 and E755C, 12.0 Ϯ 0.9 sented in the current-voltage relationships ( Figure 3B ). pS), and conversely, the increased conductance with each of the P segments, the fractional electrical distance for Cd 2ϩ binding decreases monotonically. Sequencereplacement of the positive charge in domain III (K1237C, ␥Na ϭ 105 Ϯ 5 pS). Replacement of alanine aligned positions in domains I (W402C and E403C) and III (W1239C and M1240C) are blocked by Cd 2ϩ with a in the fourth domain reduces conductance (A1529C, ␥Na ϭ 28 Ϯ 0.4 pS), consistent with a steric effect prosimilar voltage dependence, implying that these two loops are at a comparable depth within the membrane duced by changing the bulk of the side chain of this residue. The charge as well as the size of the side chain field. In contrast, the aligned residues in domain II (I757C and E758C) are blocked with a shallower voltage depenat the selectivity filter positions are critical determinants of the Na ϩ conductance. dence, consistent with the loop being further out of the membrane field. While a fractional electrical distance Figure 4 summarizes the voltage dependence of Cd 2ϩ block of the mutants. The fractional electrical distances for Cd 2ϩ binding has not yet been determined for the small-conductance E755C channel, we show below that for block of each of the cysteine substitution mutants enabled us to generate a graphical representation of the accessibility of this site to the MTS reagents is the greatest of all of the putative selectivity filter residues, the relative register of the four P-segments. Each row of sequence-aligned substitutions are plotted with the consistent with a more superficial location in the pore. The domain IV P segment sequence-aligned positions same symbol; for example, E403C and its aligned residues in domains II-IV are open squares. Moving from (W1531C and D1532C) are blocked with a steeper voltage dependence than the mutants in domains I and III, the amino-terminal to carboxy-terminal residues within The fractional electrical distance is plotted for all of the P segment mutant channels exhibiting high affinity Cd 2ϩ block. Each of the columns represent the residues in the P segments of domains I-IV, and the fractional electrical distance is plotted on the y axis. Residues with the same symbols are aligned according to sequence similarity. Each point represents the mean and standard deviation of at least three patches.
suggesting that the domain IV loop extends further into negatively charged MTSES, E755C is modified by both the membrane field.
of the positive reagents; in contrast, K1237C and A1529C can be modified only by the smaller MTSEA Effects of MTS Reagents (66 Å 3 ), but not the larger MTS-ethyltrimethylammonium The external mouth of the Na ϩ channel has been mod-(MTSET, 109 Å 3 ). D400C cannot be modified by any of elled as a wide vestibule that tapers in to a narrow the MTS reagents; thus, spatial constraints limit MTS selectivity region (Guy and Durell, 1995; Lipkind and accessibility to this residue ( Figure 5 ). Fozzard, 1994; Dudley et al., 1995) . We examined the The selectivity region of the Na ϩ channel excludes accessibility of P segment cysteine substitutions to sulfanions efficiently. Cysteine substitution mutations near hydryl-specific modification using hydrophilic MTS rethe selectivity region (D400C, E755C, K1237C, A1529C, agents to determine if there is a constriction in this and G1530C) were not modified by the negatively region of the channel. Accessibility of amino acids in charged MTSES (90 Å 3 ) ( Figure 5 ). Failure of this agent to the narrow region of the pore will depend on the volume modify residues at the putative selectivity filter (D400C, and charge of the modifying reagent. We assume that E755C, K1237C and A1529C) may be the result of the sulfhydryl modification in this region will alter Na ϩ consize or the charge of MTSES, but it is more likely the ductance by steric hinderance, electrostatic interaccharge of MTSES that prevents modification of G1530C, tions, or both. Figure 5 summarizes the effects of MTS which reacts with the larger but positively charged reagents on the whole-cell current of the skeletal muscle MTSET. The size exclusion of MTS reagents confirms and cardiac isoforms of the channel, and the skeletal our interpretation of the fractional electrical distances muscle P segment mutants. The skeletal muscle isoform for Cd 2ϩ block; cysteine substitutions at residues with (1) is entirely unaffected by the MTS reagents, while fractional electrical distances greater than 0.3 exclude the presence of a naturally divergent cysteine in the the larger MTSET. MTSES, the negatively charged repore renders the cardiac isoform (hH1) susceptible to agent, is excluded from some regions of the pore that MTS modification resulting in significant current reduc-MTSET can access (e.g., positions 755 and 1530), as is tion. The results extend our previous study (Pé rezexpected in a Na ϩ -selective pore where anionic exclu- García et al., 1996) by the inclusion of several new musion is operative. The MTS accessibility is consistent tants and the use of the negatively charged reagent with a wider vestibule that tapers to a narrow selectivity MTSES. In general, modification of a cysteinyl residue region. in the pore with the addition a bulky adduct reduces the peak current. However, the addition of the negatively Selectivity Changes in Pore Mutants charged ethylsulfonate by MTSES modification of the The expressed wild-type skeletal muscle channel is sigsubstitutions at the external ring of anionic charge nificantly permeable to Na ϩ and Li ϩ but not other mono-(E758C, D1241C, and D1532C) increases the current.
valent cations ( Figure 6A ). Alteration of the volume or The increase in current produced by restoration of the charge of the side chain of the residues at or near the negative charge at these sites is at least partially consisnarrow region of the Na ϩ channel pore would be extent with an electrostatic role for the ring of charge in pected to affect selectivity of the channel. Indeed, the Na ϩ conductance (Chiamvimonvat et al., 1996) . K1237C mutation in the third domain increases the perCysteine-substitution mutants in the putative selectivmeability of the channel to monovalent cations such ity filter show major differences in the pattern of accessibility. While none is susceptible to modification by the as K ϩ and NH 4 ϩ ( Figure 6B ). However, the amino acid Plot of the normalized whole-cell peak current amplitude in the Figure 6 . Selectivity Changes with Cysteine Mutagenesis presence of saturating concentrations of three different MTS deriva-(A) Representative whole-cell currents elicited by depolarizing volttives. The ratio of the current after (I) and before (I 0) MTS modification age steps from Ϫ100 to Ϫ30 mV in an external solution containing is plotted for each of the cysteine mutants, the wild-type rat skeletal 96 mM of the designated cation. The wild-type 1 currents and muscle (1) and human heart (hH1) Na ϩ channels. The crossthree domain IV P loop mutations are shown. The current records hatched bars represent MTSEA, the diagonally hatched bars were scaled such that the amplitude in 96 mM Na ϩ were the same MTSET, and the filled bars MTSES. A downward going bar means for each of the channel variants. that modification decreases the peak current size, an upward bar (B) The peak whole-cell current amplitude in solutions containing indicates that modification increases the peak current size. Figure 6B suggests an arc of selectivity that involves P segment penetrates further into the electrical field E755 and K1237 at the putative filter and residues 1530-than the P segments of the first three domains, raising 1532 in domain IV. the question of whether cysteine substitutions in this domain alter selectivity. All of the mutants, like wildDiscussion type 1, are significantly permeable to Li ϩ , but D1532C, W1531C, and G1530C support significant K ϩ and NH4
ϩ
We have exploited molecular genetics and high-resoluflux ( Figures 6A and 6B ). These residues appear to form tion electrical recording to gain insight into the molecular part of the selectivity mechanism of the channel pore.
basis of permeation in the Na ϩ channel. Cysteine scanWhile the changes in permeability produced by mutation ning accessibility mutagenesis and single-channel reof residues at the putative selectivity filter were expected, the lack of a substantial change in monovalent cording have permitted us to localize residues in the Depth Asymmetries in the Na ϩ Channel Pore 1043 pore of the Na ϩ channel and to study their roles in selec-G1530C, which is accessible to the larger cationic reagent MTSET. Therefore, MTSES is not excluded from tivity and conductance. The more global structural implications of our data necessitate major revisions of modthis position by size but by charge. The general architecture of the external pore suggested by our data is that els of the Na ϩ channel pore. of a vestibule with a discrete constriction approximately 30% of the way into the electrical field from the outside.
Divalent Cation Block of Cysteine Mutants
The pattern of fractional electrical distances for Cd 2ϩ
Cysteine substitutions are well-tolerated in the pore of block of the cysteine mutants is consistent with posithe Na ϩ channel. All but one mutant produced functional tions on the ascending limb of the P segments, in channels with voltage-dependent gating and monovaagreement with the predicted topology of this region. lent cation selectivity. Insertion of a thiol side chain has However, the correlation of electrical distances with the distinct advantages of creating a high-affinity (10 Ϫ4 -physical distances is limited by the simplifying assump-10 Ϫ7 M) binding site for group IIB divalent cations that tion of a linear drop in the electrical field along the conis also capable of reacting with specific modifying reduction pathway. agents such as the MTS derivatives (Abakas et al., 1992; Stauffer and Karlin, 1994) . Group IIB divalent cations are especially useful because they are small, charged,
Selectivity Changes in Cysteine Mutants
Cysteine substitution of the amino acids at the putative and reversible blockers. Substitution of cysteines for each of the amino acids in the pore of the Na ϩ channel selectivity filter (Heinemann et al., 1992) alter cationic selectivity. Even among these sites, the magnitude of and single-channel analysis of the block by Cd 2ϩ enabled us to determine the location of each of these the change in cation selectivity is very position-specific. Replacement of the lysine at position 1237 produces residues in the pore, with respect to the electrical field and to one another. The important interpretations of this the most profound changes; this mutation is no longer selective for Na ϩ over K ϩ , and other monovalent cations data are that the P segments are not in register with each other, nor are the segments parallel as they traverse the (e.g., NH 4 ϩ ) are significantly more permeable through K1237C than through the wild-type channel. Significant membrane. Cysteine substitutions at sequence-aligned positions in domains I and III are blocked by Cd 2ϩ , with changes in Na ϩ conductance appear when the other positions are substituted by cysteine, but the changes comparable fractional electrical distances, suggesting a similar depth in the pore. Substitution mutants at the in selectivity are much more subtle. Changes in the Li ϩ or NH4 ϩ permeability are observed at other sites, but aligned residues in domain II suggest that this P segment is somewhat shallower than domains I and III, while the these other mutant channels remain selective for Na ϩ over K ϩ . domain IV P segment is distinctly deeper. The similar fractional electrical distance for Cd 2ϩ binding does not Unexpectedly, cysteine substitution of several amino acids in the fourth domain dramatically alter ion selectivimply functional equivalence of P segment residues in these domains. For example, cysteine substitutions at ity. The cysteine-substituted domain IV mutants are significantly less selective for Na ϩ over other cations when sequence-aligned positions in domains I and III exhibit differences in expression, single-channel conductance, compared with similar mutations in domains I-III. The fourth domain P segment has a unique role in Na ϩ chanaccessibility to MTS reagents and cation selectivity. These data emphasize the functional asymmetry of the nel selectivity. Cysteine substitution of the residues in domain IV SS2 exhibit profound changes in selectivity, Na ϩ channel pore. comparable to those seen in the mutants at the putative filter. These data necessitate a revision of the prevailing MTS Modification of Cysteine Mutants view regarding how selectivity is produced in Na ϩ chanCysteine mutagenesis creates a target for covalent modnels. Rather than a discrete ring of residues creating a ification by reactive mixed disulfides. The MTS reagents constriction in the pore, a ridge involving residues in are highly reactive and specifically modify free sulfhydryl SS2 of domain IV contributes to the structural basis of groups in an aqueous environment. The addition of posiselectivity in the channel. tively and negatively charged adducts to the MTS backbone alters the accessibility of these compounds to cysteines in the Na ϩ channel pore based on size and Structural Model of the Pore The patterns of side chain accessibility, fractional eleccharge exclusion. The differential modification by the MTS reagents of cysteine substitutions in the pore is trical distance for Cd 2ϩ block, and alteration of cation selectivity have major structural implications. We examconsistent with the proximity of P segment residues in the narrowest region of the channel. Of the four substituined a contemporary model of the pore (Guy and Durell, 1995) for inconsistencies with our data. This model protions at the putative selectivity filter, three are not modified by MTSET, the larger of the two cationic MTS reposes that each of the four P segments is composed of two ␣-helices linked by short loops; the amino acids agents. In the case of E755C, the larger MTSET inhibits current as efficiently as MTSEA, implying a more superfithat comprise the selectivity filter are located within these loops. Figure 7A shows the structure of the P cial location of this site compared with the other selectivity filter residues. Charge exclusion is operative in the segments proposed by Guy and Durell as viewed from the intracellular surface of the channel. Side views of Na ϩ channel pore, as has been observed in other cation channels (Abakas et al., 1994; Pascual et al., 1995) .
the domain I-II and domain III-IV P segments are shown in Figures 7C and 7E , respectively; part of the noncon-MTSES, the anionic reagent, does not modify any of the substitutions at the selectivity filter, nor does it modify strained ␣ helices have been omitted for clarity. Notably, shown from the side with the membrane stripped away. The format is similar to (A) and (B), but the selectivity filter side chains are not shown. The same view of the domain III and IV P segments are shown in (E) (Guy and Durell) and (F) (modified). Mutant channels that are blocked with high affinity by Cd 2ϩ , modified by MTS reagents, or both, have their side chains pointing into the pore; this constraint dictates extensive unwinding of the ␣-helices. the P segments in this model are highly ordered and residues to point into the pore. The presence of a long loop in the pore serves to reemphasize the importance similarly disposed with respect to their depths in the cell membrane.
of this structural motif in ion channel function. Second, the loops are not symmetrically disposed with respect Our data necessitate two major changes in the Guy and Durell model of the pore: the P segments cannot to the axis normal to the membrane. The carboxy-terminal half of the second domain P segment is more superfibe placed at the same depth, and the length of the extended loops in each of the domains must be excial than the sequence-aligned regions of the domain I and III P segments ( Figures 7D and 7F) . The Guy and panded. As a starting point, we used the coordinates of this model ( Figure 7A , provided by H. R. Guy), then Durell model also predicts that the selectivity loop of domain II is superficial ( Figures 7C and 7E ), but the constrained the positions of the side chains so as to render their pattern of accessibility consistent with our difference between segments is much more subtle than our modified model. Conversely, the domain IV P segexperimental data. The ␣ helical regions for which there are no data were not altered. The structure was reoptiment penetrates deeper into the pore than domains I or III ( Figures 7D and 7F ); this contrasts with the unmodified mized by energy minimization. Our revised pore model is shown in Figures 7B, 7D , and 7F. Several features of model in which the domain IV P segment is aligned with the P segments of domains I and III ( Figures 7D and 7F) . this modified structural model deserve comment. First, in all four P segments, the extended loops are, at a
The depths of the residues in the P segments of the revised model are shown in Figure 8 , which plots the minimum, two amino acid residues longer than predicted by the Guy and Durell model. This modification relative z coordinate of the ␣ carbon of each of the P segment amino acids. This plot is analogous to that of is required to permit the side chains of many of the Plot of the z-axis (normal to the membrane) coordinates of the ␣ carbons of each of the residues in all four P segments of the original Guy and Durell model (left) and the modified structural model (right). The relative locations of the residues in the z-axis of the modified model are constrained by the fractional electrical distance for Cd 2ϩ block. The absolute values of the z-coordinates are arbitrary. For comparison, we use the same reference point (zero z-coordinate) as that of Guy and Durell (Guy and Durell, 1995) . the fractional electrical distances ( Figure 4) ; in the rethe P segments of domains II and IV closer to the extracellular mouth of the channel. In contrast, our data indivised model we have been able to reproduce the obcate that at least in the Na ϩ channel, domains I and III served depth asymmetries of the P segments. The locahave a similar relative register, but the domain IV P tions of the residues in the extended loop are based segment is deeper than the others. Depth asymmetries upon the fractional electrical distances for Cd 2ϩ binding; in both channel types are likely to be crucial in determinas such, the loops all have very different orientations ing the permeation phenotype. with respect to the axis of the pore. Third, unwinding some of the helical secondary structure of the P segExperimental Procedures ments unpacks this region, separating the side chains of the P segment residues (Figure 8 ) and reducing the
Mutagenesis and Heterologous Expression
diameter of the deeper vestibule ( Figures 7A and 7B ).
The 1 skeletal muscle Na ϩ channel (Trimmer et al., 1989) cloned Nonetheless, a minimal pore diameter of ‫5ف‬Å is maininto a modified pSP64T (Kreig and Melton, 1984) was used for hetertained in the revised model, consistent with the organic ologous expression. A 1.9 kb BamHI-SphI fragment was cloned into pGEM-11Zf ϩ (Promega, Madison, WI) and a 2.5 kb SphI-KpnI cation permeability of the Na ϩ channel (Hille, 1971 as a point of departure, similar changes would be rethe first P segment and second through fourth P segments respecquired to reconcile our data with the ␤-hairpin model tively. Site-specific mutations were generated employing a phenoproposed by Lipkind and Fozzard (Lipkind and Fozzard, typic selection strategy (Kunkel, 1985) . The mutated cassettes were then subcloned back into the full-length 1 in the modified pSP64T.
1994). In this formalism, most of SS2 consists of All mutations were confirmed by dideoxy chain termination DNA ␤-strands that would have produced a strictly alternatsequencing.
ing pattern of side-chain accessibility. As presently for-
The expression plasmid for the 1 ␣ subunit was linearized with mulated, the Lipkind and Fozzard model also fails to SacI, the human heart channel (hH1, Gellens et al., 1992) with XbaI, predict the observed differences in depth of the four P and the ␤1 subunit (Isom et al., 1992) with EcoRI for in vitro RNA segments.
transcription. The cRNA was dissolved in DEPC-treated water at a concentration of 0.1-0.25 g/l, and equal amounts of each subunit
The depth asymmetries of critical residues in the P were mixed and injected into Stage V-VI Xenopus laevis oocytes segments of the Na ϩ channel may be functionally impor-(Xenopus I, Ann Arbor, MI; Nasco, Ft. Atkinson, WI), as described tant in permeation, as has been suggested for the Ca 2ϩ (Tomaselli et al., 1991) . The injected oocytes were stored at room channel (Yang et al., 1993; Sather et al., 1994 (1-3 A) . Oocytes exhibiting an abrupt rise in the negative slope consistent with the topological model of the channel. However, it is unlikely that this would occur for 12 of 13 mutants studied. region of the current-voltage relationship or notches in the current records were not used for whole-cell analysis.
Pooled data are expressed as the means and standard error of the means, and statistical comparisons were made using one-way Whole-cell currents were sampled at 5 kHz through a 12 bit A/D converter (model TL-1 DMA Labmaster, Axon Instruments, Foster ANOVA, unless otherwise specified. City, CA) and lowpass filtered at 1-2 kHz (Ϫ3dB) with an 8-pole Bessel filter (Frequency Devices, Haverhill, MA). The currents were
Molecular Modeling
The coordinates of the P segment model of the Na ϩ channel proacquired and analyzed using custom-written software.
The dose-response curves of each mutant to block by Cd 2ϩ were posed by Guy and Durell were provided by Dr. H. R. Guy. The coordinates of this P segment model were constrained in accordetermined by adding the chloride salt of the blocker to the bath at concentrations between 1 M and 20 mM, depending on the dance with the Cd 2ϩ block and MTS accessibility data. The structure was reminimized using Sculpt molecular modeling software (Intersensitivity of the particular mutant. Peak currents were measured at a test voltage of Ϫ30 mV from a holding potential of Ϫ100 mV.
active Simulations Incorporated, San Diego, CA) on a Silicon Graphics Indy workstation (Silicon Graphics Incorporated, Mountain View, The currents in the presence of Cd 2ϩ were normalized to the current, in the absence of the blocker. There was no evidence for permeation CA). The models were viewed with rasmol (RasWin Molecular Graphics, Glaxo Research and Development, Greenford, Middlesex, UK). of Cd 2ϩ through the wild-type channel or any of the mutants. The IC 50s were determined by a least squares fit (Levenberg-Marquardt algorithm) of the data to the function:
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